Résumé -Modélisation multi-échelle de la structure et des propriétés dynamiques et thermodynamiques de liquides ioniques à base d'imidazolium : Calculs ab initio DFT, simulation moléculaire et prédictions d'équation d'état -Les liquides ioniques ont fait l'objet d'une attention considérable de la part de l'industrie chimique au cours des dernières années, surtout du fait du développement de procédés respectueux de l'environnement. Dans ce travail, la structure microscopique et les propriétés dynamiques et thermodynamiques des liquides ioniques à base d'imidazolium sont calculées en utilisant des modèles théoriques qui couvrent un éventail d'échelles de temps et de longueur, des calculs ab initio sur la base de la théorie de densité fonctionnelle (DFT) à la simulation moléculaire atomistique et finalement à une équation macroscopique d'état basée sur la théorie de perturbation. Différents liquides ioniques et solvants polaires sont examinés et les calculs sont exécutés sur une large gamme de conditions. Les résultats de la modélisation sont comparés avec les données expérimentales de littérature. Dans tous les cas, la correspondance entre l'expérience et les calculs/la théorie est très bonne. Ainsi, il est vérifié que des modèles, soigneusement choisis, peuvent être employés pour l'évaluation fiable de propriétés, même en absence de mesures expérimentales. 
INTRODUCTION
Over the last decade, ionic liquids (ILs) have received much attention for use as environmentally benign reaction and separation media [1] [2] [3] [4] . ILs are molten salts with melting points close to room temperature. Their most remarkable property is that their vapor pressure is negligibly small, which means that ILs are non-volatile, non-flammable and odorless. Other characteristics of ILs include a wide liquid temperature range, a high thermal and electrochemical stability, a high ionic conductivity and good solvency properties. In principle, ILs can be tailored for a specific application by the right choice of cation and anion.
It is expected that ILs may revolutionize the chemical process industry in the years to come. Tentative applications include use of ILs as solvents in organic chemistry, in electrochemistry, as catalysts or as extracting agents for organic or ionic solutes. For example, they are increasingly used as novel processing media in combination with supercritical carbon dioxide (CO 2 ). Due to the negligible vapor pressure, it is possible to extract organic products from ILs using supercritical CO 2 without any contamination by the IL [5] [6] [7] . Subsequently, this separation step can be combined with homogeneously catalyzed reactions in IL/CO 2 biphasic solutions, where the catalyzed reaction takes place in the IL phase and the product can be separated by extraction into the CO 2 phase [8] [9] [10] [11] [12] [13] . Further process development requires data on vapor-liquid equilibria (VLE) of mixtures of ILs and CO 2 . In parallel, aqueous IL mixtures are very important for a number of chemical processes. A critical parameter here is whether water and IL are fully miscible or a liquid-liquid equilibrium (LLE) region occurs. In the latter case, solute molecules partition between the two phases and so a relevant separation process should be designed.
As it becomes clear, development of new processes based on ILs requires accurate knowledge of the physical properties of the pure ILs but also of the IL mixtures involved. Furthermore, the microscopic structure of the fluid controls, to a large extent, the macroscopic properties and thus its detailed description is desirable as well. In the past few years, a growing number of experimental studies of thermodynamic properties of pure ILs and IL mixtures have been reported [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Despite the wealth of data available, more data are needed for process design, and their experimental determination is often difficult, time-consuming and expensive. Therefore, it is highly desirable to develop predictive methods for estimating the relevant properties.
At the molecular level, early molecular simulation studies focused on the development of accurate quantum mechanics derived force-fields and their validation towards the prediction of structure and thermodynamic properties of ILs in melt [24] [25] [26] . Both all-atom and united-atom models were used. Subsequent work concentrated on the simulation of solubilities of gases (such as CO 2 , CO, etc.) and water in IL [27] [28] [29] . In most cases, imidazolium-based ILs were examined, which are considered as first-generation ILs. Furthermore, structural characteristics such as weak Lewis acid-base and hydrogen bonding interactions between IL and CO 2 or water molecules were investigated [29] .
Equations of state (EoS) have been also used for modeling the ILs phase behavior with various solvents. Most efforts have been restricted to low and medium pressure and applications to high pressures are limited. In most cases, cubic EoS including Redlich-Kwong and Peng-Robinson EoS have been used with multiple adjustable parameters. Furthermore, binary IL -water systems (LLE) have been modeled using the NRTL EoS [30] and excess Gibbs energy methods [31] . Ternary IL -alcohol -alkane systems have been modeled using the UNIQUAC EoS [32] . All these approaches invoke a large empiricism with relatively limited predictive capability. A suitable predictive model should account explicitly for the various molecular features that characterize IL mixtures. For example, there is experimental and molecular simulation evidence that there is strong association between CO 2 acting as a Lewis acid and the anion of an IL acting as a Lewis base. Huang et al. [29] claimed that this association is due to the strong charge-quadrupole moment interaction between CO 2 and the anions. On the other hand, fully dissociated IL molecules in water are expected to be solvated. Such phenomena can be modeled accurately using models with strong theoretical background.
In this paper, a multi-scale computational framework is presented for the accurate prediction of microscopic structure and macroscopic physical properties of ILs in pure state and in mixture. Calculations are restricted to imidazolium-based ILs, although the models are generally applicable to different families of ILs. Ab initio Density Functional Theory (DFT) calculations are performed on isolated IL molecules in order to evaluate the minimum energy structure and calculate charge density distribution of the molecule. Molecular dynamics (MD) simulations are performed on bulk IL at various temperatures and pressures using an atomistic force field with partial charges obtained from the DFT calculations. Volumetric and dynamic properties together with structure properties are reported. [33, 34] are presented for IL binary and ternary mixtures. Strengths and limitations of the current model are discussed. All of the calculations presented here are compared against literature experimental data. The agreement between calculations and experiments is, in general, very good.
AB INITIO DFT CALCULATIONS
All energies and geometries were calculated using the B3LYP hybrid DFT method as implemented in Gaussian03 [35] . This method consists of two different functionals: the Becke-3 parameter hybrid exchange functional [36] and the Lee-Yang-Parr correlation functional [37] . Both potentials use non-local exchange-correlation corrections for the density. The electronic configurations of the atoms were described by 6-311+G* basis set.
Atomic charges of different ionic pair conformers were calculated by electrostatic surface potential fits, using the CHelpG procedure [38] , to electron densities obtained at B3LYP/6-311+G* level. Estimations for the atomic charges of the 1-butyl-3-methylimidazolium bis(triflouromethylsulfonyl) imide ( ] compounds were prepared by matching the most positive areas of the cation with the more negative in the anion. Then, initial geometries were optimized using the B3LYP/6-311+G* method described above. The vibrational analyses on all structures revealed a lack of imaginary frequencies confirming the presence of true minima on the potential energy surface.
Parallel DFT calculations were carried out on R14000 at 600 MHz multiprocessor Silicon Graphics workstation with 126 Gbytes of shared memory. Initial configurations for simulations were based on molecular conformations generated by the ab initio DFT calculations. The MAPS simulation platform of Scienomics was used for such purposes [39] . The initial system was relaxed using a conjugate gradient energy minimization procedure. Subsequently, MD simulations in the NPT ensemble were performed.
MOLECULAR SIMULATION DETAILS
Both the energy minimization procedure and the MD simulations were performed using the NAMD simulation code, version 2.6 [40] . NAMD was chosen for these calculations as it contains a number of technical features that are important for this work. It uses a very efficient full electrostatics algorithm based on the Particle Mesh Ewald (PME) method, which takes the full electrostatic interactions into account. Furthermore, NAMD allows for multiple time stepping. The time step for the bonded interactions was 1 fs, the Lennard-Jones short-range non-bonded interactions and the full electrostatics were evaluated every 2 fs and 4 fs, respectively. The temperature was controlled using Langevin Dynamics while the Nosé-Hoover barostat was used to control pressure. Potential tails were brought smoothly to zero using a switching function [40] .
The force field employed was of the form:
(1)
where b, θ and ψ denote bond length, bond angle and improper angle, respectively, while subscript o denotes the equilibrium value, ε and σ correspond to the Lennard-Jones parameters, q denotes the partial charge and ε 0 the permittivity in vacuum. All bonded and Lennard-Jones parameters were taken from CHARMM force field following the work of Maginn et al. [26, 41, 42] while for the electrostatic interactions the partial charges evaluated from the DFT calculations were used. Simulations were performed at pressures ranging from 1 to 60 MPa and temperatures ranging from 298 to 333 K. The initial configurations were equilibrated for 1,000-5,000 ps, depending on the simulation conditions and the initial structure. Stabilization of the running average for the density and the various components of the energy was used as a criterion for equilibration. Configurations from the production stage of each simulation were recorded every 1 ps in order to track the motions which dominate the short-time segmental dynamics. Long MD simulations, on the order of 20-30 ns (depending on the IL), were performed in order to capture accurately the dynamics of the molecules. 
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Configurations of pure ILs generated by MD were used subsequently for the calculation of the excess chemical potential, μ ex , of CO 2 using Widom's test particle insertion methodology [43] . According to Widom, a CO 2 molecule is inserted randomly in the IL and the interaction energy of the molecule inserted due to its interaction with the IL molecules, U CO 2 , is calculated. It turns out, that for the NPT statistical ensemble it is: (2) where V represents the system volume, β is equal to (kT) -1 , k and T denote the Boltzmann constant and the absolute temperature, respectively. The Henry's law constant H CO 2 →IL of the CO 2 in the IL can be easily calculated from the expression:
Interactions of a CO 2 molecule with the IL were simulated as a summation of short-range Lennard-Jones interactions and of Coulombic interactions between charges using the Ewald summation method. Two accurate three-site rigid models were used for CO 2 , namely TraPPE [44] and modified extended primitive model EPM2 [45] . The interaction parameters between a CO 2 molecule and an IL molecule were calculated using the Lorentz-Berthelot combining rules without any binary parameter adjustment.
The Henry's law constant of CO 2 in [bmim + ][Tf 2 N -] was computed at 298, 308, 318, and 328 K. At each temperature, 3001 uncorrelated configurations from the MD simulations of pure ILs were saved to disk. For each of these configurations, 6000 CO 2 "test" molecules were inserted at random positions and orientations, and the Henry's law constant was determined.
Error bars were determined from the fluctuations of block averages. One block average is the average over 6000 insertions of "test" molecules in one configuration. The relative errors are around 20% which is a typical value for the Widom's test particle insertion method and is in accord with errors reported for the simulation of gas solubilities in IL [27, 28, 46] .
TRUNCATED PERTURBED CHAIN-POLAR STATISTICAL ASSOCIATING FLUID THEORY (TPC-PSAFT) FOR IONIC LIQUIDS
Statistical Associating Fluid Theory (SAFT) and its variations are used widely to model non-ideal fluid mixture thermodynamic properties. SAFT has a strong statistical mechanics background but, at the same time, has moderate complexity over cubic EoS. Furthermore, it accounts explicitly for molecular size differences, weak dispersion and strong associating
interactions. Recently, the model was extended to account explicitly for polar interactions due to permanent dipole and quadrupole moments and induced polar interactions due to molecular polarizability [33, 34] . For practical engineering calculations, a truncated version of the full scale polar model was developed without significant decrease in the accuracy, due to the introduction of an additional physically justified adjustable parameter. The so-called tPC-PSAFT is written in terms of the residual Helmholtz free energy, a res , as: (4) where hs, chain, assoc, disp, and polar account for hard sphere, chain formation, association, dispersion and polar interactions, respectively. The individual terms of Equation 4 can be found elsewhere [33] and are not repeated here. In addition, the model is extended to mixtures using straightforward mixing rules [34] . Pure component model parameters include the number of spherical segments per molecule, m, the close packed volume of the spherical segment, v oo , the dispersion interaction energy per segment, u/k, and the effective polar interaction diameter, σ p . For associating fluids (as for example water), the model contains two additional parameters, that are the energy of association between sites A and B, ε AB /k, and the volume of association, κ AB . For the case of ILs, m is fitted to liquid density data over a wide temperature and pressure range and by restricting the vapor pressure to be very low, u/k and v oo values are obtained from the individual values for the anion and the cation while σ p = 1.4σ, where σ is the diameter corresponding to v oo [47] For binary mixture calculations, a binary interaction parameter, k ij , is fitted to experimental data. ion-pairs. The most stable conformers for both ion-pairs are displayed in Figure 2 . Relative energies and selected geometrical parameters for isolated ions and for both ion-pairs are given in Table 1 Conformers IV are slightly more stable than the others by aprox. 1.0 kcal/mol (see Table 1 ). Thus, we use the most stable conformers in the construction of the initial MD simulation boxes of the ionic liquids in the bulk phase. The electrostatic charges of the ion-pairs calculated by DFT/CHelpG 
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Molecular Simulation
The model developed for the ILs was validated by comparing predicted volumetric and thermodynamic properties with available experimental data. Figure 3 shows the density variation of the two ILs with temperature and pressure. The experimental data are taken from Gomes de Azevedo et al. [48] less than 1% in all cases. It should be emphasized that calculations are pure predictions without any parameter adjustment. Thermodynamic properties such as the isothermal compressibility and the isobaric thermal expansivity were also evaluated and found to be in good agreement with available experimental data, as shown in Tables 2 and 3 In order to evaluate the structural properties of the ILs, various radial distribution functions (RDFs) were calculated. The center-of-mass (COM) RDFs between all pairs of interacting ions present in the system, obtained from MD, are shown in Figure 4 at 333 K and ambient pressure. It is observed that ordering persists beyond 19 Å as a result of the long-range Coulombic interactions present in the system. According to the RDF curve of the cation -anion pair a sharp peak is located at about 5.2 Å and a weaker but broader peak at 13.4 Å. The anion -anion RDF shows a split peak at 7.8 Å and 10.3 Å which is due to the symmetric structure of the ion, while a second peak is observed at 16.4Å. The cation -cation RDF curve exhibits a broad peak around 9.4 Å.
Segmental dynamics of ILs was investigated through the reorientation of the bonds of the ions, as expressed by the second-order correlation function given by the expression: (5) where u(0) and u(t) correspond to the orientation of a bond vector at time 0 and time t, respectively. In Figure 5 , the second order autocorrelation function extracted from simulation trajectories for various bonds of the ion [hmim + ] is shown. The bonds in the ring decorrelate slower than the bonds in 
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2. alkyl chain of the cation. Furthermore, as one approaches the end of the alkyl chain bonds decorrelate faster. This is due to the fact that the alkyl chain can move more freely than the ring and, at the same time, the charges of the atoms close to the end of the alkyl chain are almost negligible. The bond vector orientation autocorrelation functions, P 2 (t) are described accurately by the modified Kohlrausch -Williams -Watts (mKWW) function: (6) that consists of a fast exponential decay with amplitude α and a slow KWW function related to the segmental motion of the IL [49] . In this way, the mean correlation times of bond orientational relaxation were evaluated at 298 K and found to be in the range of 1-10 ns for the cation (depending on the bond, as shown in Fig. 5 ) and an order of magnitude lower for the anion [Tf 2 N -].
MD configurations for ILs at various temperatures were used for the calculation of the Henry's law constant of CO 2 in the IL using Widom's test particle insertion method, as described in Section 2. In Figure 6 , experimental data [50] and molecular simulation predictions for CO 2 -] mixtures. Several combinations of pure component parameters with and without association between similar and dissimilar molecules were tested in order to represent all the available equilibrium data for the CO 2 -H 2 O mixture, including the minimum H 2 O concentration in the CO 2 -rich phase in the P-y diagram. This minimum occurs at pressures near the critical pressure of CO 2 (73.773 bar) and is due to a phase transition from VLE to LLE [52] . Water was modeled as a 3-associating site fluid while CO 2 was treated as a non self-associating fluid. In addition, cross-association between CO 2 and H 2 O molecules was taken into account. Recently, Perakis et al. [52] found that the phase behavior of CO 2 -H 2 O mixture cannot be described with CPA or SAFT EoS by treating CO 2 as a non-associating molecule. Our work showed the opposite, as long as quadrupolar interactions between CO 2 molecules are considered explicitly.
Flow calorimetric measurements of Wormald et al. revealed that the enthalpy of association of water(g) -CO 2 is -14 ± 2 kJ/mol [53] . The hydrogen bonding energy of crossassociation of 1268.7 K used in our model corresponds tõ 10.6 kJ/mol. In addition, a binary interaction parameter k H 2 O-CO 2 = 0.2 was used in the calculations.
[ 3 -] binary interaction parameter was fitted to ternary experimental data (no phase equilibrium data exist for this binary) and a linear dependence on temperature was found. Comparison between experimental data and tPC-PSAFT correlation is shown in Figure 8 . The agreement is good in all cases.
CONCLUSIONS
In this work, a spectrum of computational methods, that include ab initio DFT calculations, molecular atomistic simulations and a macroscopic equation of state, covering a broad range of length and time scales were employed to study the microscopic structure, the molecular dynamics and the macroscopic thermodynamic properties of various imidazolium-based ILs. The atomistic force field based on the CHARMM potential and the ab initio calculations were shown to provide accurate representation of IL volumetric properties and of CO 2 solubility, in the temperature range of 298-338 K. IL molecules were found to exhibit relatively slow dynamics, in agreement with other similar studies from the literature. Finally, tPC-PSAFT was shown to correlate accurately the phase equilibria of a binary and of a ternary IL mixture with polar solvents. Additional work is needed towards the incorporation of explicit representation of electrostatic interactions between ions, in the case of an aqueous solvent. In summary, this work has shown that computational chemistry and molecular modeling methods can provide reliable information concerning the structure and physical properties of ILs, which is very valuable, especially in the absence of experimental data. 3 -] . Experimental data (points) and tPC-PSAFT correlation (lines).
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